Introduction
============

Since their discovery by Friedenstein in 1970 [@B1], mesenchymal stem cells (MSCs) have been found to broadly distribute throughout the body and reside in bone marrow, adipose tissues, heart, gut, lung, liver, placenta, umbilical cord, amniotic fluid, and periodontal ligament [@B2]. These cells have the potential to differentiate into lineages of mesenchymal tissues such as bone, fat, and cartilage cells [@B3], [@B4]; they also have endodermic [@B5] and neuroectodermic differentiation potential [@B6] and play an integral role in physiological processes, such as hematopoiesis [@B7] and immunomodulation [@B8]. More recently, MSCs have become a promising tool for cell-based therapy in tissue engineering and regenerative medicine.

There is considerable evidence that MSC senescence is considered as a contributing factor to aging and aging-related diseases [@B9], [@B10] and replicative senescence impairs the regenerative potential of MSCs [@B11]. To better understand and monitor cell senescence in MSCs, it is necessary to have a reliable biomarker for identification of these cells. Unique phenotypic alterations of senescent MSCs have been reported including enlarged morphology, arrested proliferative capability, increased β-galactosidase activity, telomere shortening, accumulation of DNA damage, alteration of chromatin organization, reduced expression of surface antigen markers, up-regulation of cell cycle inhibitors (P16^INK4A^ and P21^WAF1^), and senescence-associated secretory phenotype (SASP) [@B11], [@B12]. Since surface and external factors can be detected without intracellular delivery of a probe and without harming the cells, they can serve as ideal biomarkers to identify senescent cells. Senescent MSCs release a specific secretome, including matrix metalloproteinases (MMP2, TIMP2) [@B13], cytokines (IL-6) [@B14], insulin like growth factors binding proteins (IGFBP4, IGFBP7) [@B15], and monocyte chemoattractant protein-1 (MCP-1) [@B16]. The role of these factors has been investigated in the identification of MSC senescence.

As a key component of the cell secretome, microvesicles (MVs) are shed from cell surface by their parental cells into the extracellular environment [@B17]. Recent reports indicate that these small vesicles can mirror the molecular and functional characteristics of their parental cells and participate in important biological processes [@B18], such as the surface-membrane trafficking and the horizontal transfer of proteins and RNAs among neighboring cells [@B19], [@B20]. A growing body of evidences has shown that MVs shed by MSCs (MSC-MVs) express MSC-related markers [@B21], [@B22], such as CD29, CD44, CD73, CD90, and CD105, which act as key effectors of MSCs. Many biological functions have been attributed to MSC-MVs, such as tissue repair, hematopoietic support, immunomodulatory regulation, and inhibition of tumor growth [@B22]-[@B24]. Recently, it has been reported that old rat MSC-MVs have unique miRNAs and significantly inhibited TGF-β1-mediated epithelial-mesenchymal transition [@B21]; however, no information is available on whether MSC-MVs could represent characteristics of their parental cells in senescence.

In the present study, we investigated the changes in MSC-MVs when their parental MSCs experienced senescence, including MSC-MV size distribution, concentration, surface antigens, osteogenesis-related functions and miRNA content, to characterize these senescent MSC-MVs and evaluate their ability to resemble their parental senescent MSCs.

Results
=======

Characterization and validation of senescent MSCs
-------------------------------------------------

An *in vitro* replicative senescent cell model was established using long-term cultured human umbilical cord MSCs. After passage 13 (P13), MSCs gradually became larger with flat and irregular shape which is the typical morphology of senescent cells (Figure [1](#F1){ref-type="fig"}A). Surface immunophenotypic markers of MSCs were detected at passage 5, 14, and 22 by Flow Cytometry (FCM). All MSCs samples were positive for CD29, CD44, CD73, CD90, and CD105 (Figure [1](#F1){ref-type="fig"}B), and negative for CD34 and CD45 (Figure [S1](#SM1){ref-type="supplementary-material"}). There were more β-galactosidase (β-gal)-stained cells in cultured MSCs after passage 14 (Figure [1](#F1){ref-type="fig"}C). FCM cell cycle analysis also showed that with increasing passage numbers, the fraction of cells in G1/G0 increased (P5, 67.50 ± 0.4890 %; P13, 70.39 ± 0.1338 %; P22, 82.24 ± 0.1155 %, P \< 0.001), whereas that in G2/S/M phase decreased (P5, 32.50 ± 0.4890 %; P13, 29.61 ± 0.1338 %; P22, 17.76 ± 0.1155 %, P \< 0.001) (Figure [1](#F1){ref-type="fig"}D). Furthermore, mRNA levels of cell senescent molecular markers, *p16* and *p21,* in cultured MSCs were significantly increased from P3 to P18 (Figure [1](#F1){ref-type="fig"}E). The secreted levels of IL-6, IGFBP4, IGFBP7 and MCP-1, the SASP markers of MSCs, were also remarkably increased from P5 to P20 (Figure [1](#F1){ref-type="fig"}F). These data demonstrated that late passage (LP) MSCs (P13 or later) displayed a senescent phenotype, compared to the earlier passages of MSCs.

To test the adipogenic differentiation potential, MSCs were cultured in complete medium (CM) or adipogenic induction medium (AIM) followed by Oil red O staining at 2 weeks. Lipid droplet formation was much more effective in MSCs at P18 than P5, indicating the increased adipogenic differentiation ability in the late passage senescent MSCs (Figure [1](#F1){ref-type="fig"}G, Figure [S2](#SM1){ref-type="supplementary-material"}). Likewise, MSCs were cultured in CM or osteogenic induction medium (OIM) followed by Alizarin red staining at 2 weeks to test the osteogenesis differentiation potential. Calcium salt formation was much weaker in MSCs at P18 than P5, revealing that late passage senescent MSCs exhibited decreased differentiation potential in osteogenesis (Figure [1](#F1){ref-type="fig"}H, Figure [S3](#SM1){ref-type="supplementary-material"}).

Characterization and validation of MSC-MVs
------------------------------------------

MSC-MVs were isolated from MSCs supernatants by successive differential centrifugation [@B22]. Consistent with previous studies, MSC-MVs displayed a spheroidal shape surrounded by a double-layer membrane [@B25] (Figure [2](#F2){ref-type="fig"}A). CFSE-labeled MSC-MVs (most of them were less than 1,000 nm in diameter) could be observed under confocal microscopy (Figure [2](#F2){ref-type="fig"}B). The tunable resistive pulse sensing (TRPS) [@B26] analysis confirmed the heterogeneity of the MSC-MV samples, with a size distribution profile ranging from 200 to 1000nm in diameter (Figure [2](#F2){ref-type="fig"}C). Western blotting demonstrated that both MSCs and MSC-MVs expressed general EV markers including cytosolic proteins (TSG101, Alix) and cytoskeletal protein (β-actin) (Figure [2](#F2){ref-type="fig"}D); the expression level of Alix was lower in MSC-MVs than in MSCs (Figure [2](#F2){ref-type="fig"}D).

The sizes of MSC-MVs were judged by 1μm standard beads (Figure [2](#F2){ref-type="fig"}E) and their integrity was determined by staining with calcein-AM, which only stained intact MSC-MVs but not the debris [@B27]. The flow cytometric data showed the integrity of MSC-MV samples was 91.5% by calcein-AM staining (Figure [2](#F2){ref-type="fig"}F) and We further detected the immunophenotype of the intact MSC-MVs. Consistent with previous studies, MSC-MVs were positive for CD29, CD44, CD73, CD90 and CD105, and negative for CD34 and CD45, similar to their parental cells (Figure [2](#F2){ref-type="fig"}G, 1B). Interestingly, the expression level of CD105 was lower on the surface of MSC-MVs than on MSCs (Figure [2](#F2){ref-type="fig"}G, 1B).

Differences in concentration, size, and immunophenotype between MSC-MVs derived from early and late passage MSCs
----------------------------------------------------------------------------------------------------------------

We isolated EP (P3 to P7) and LP (P13 to P22) MSC-MVs from equal volumes (17 ml) of supernatant of MSCs (3 × 10^6^) that had been cultured for 48 hours. TEM showed no obvious differences in spherical structures between EP MSC-MVs (P3-P7) and LP MSC-MVs (P13-P22) (Figure [3](#F3){ref-type="fig"}A). TRPS analysis showed that LP MSCs released more MVs than EP MSCs. The concentration (particles/ml) was 4-fold higher in LP MSC-MVs than in EP MSC-MVs (Figure [3](#F3){ref-type="fig"}B, 3C). Size analysis demonstrated that both EP and LP MSC-MVs displayed similar size distribution profiles with diameters ranging from 200 to 1000 nm (Figure [3](#F3){ref-type="fig"}B), but the average size of EP MSC-MVs (397.3 ± 4.410 nm) was significantly larger than that of LP MSC-MVs (358.7 ± 4.485 nm) (P = 0.0036) (Figure [3](#F3){ref-type="fig"}D). Based on the percentage makeup of distribution, we found that there were more particles larger than 500 nm in EP MSC-MVs than in LP MSC-MVs (Figure [3](#F3){ref-type="fig"}E).

To examine the possible changes in immunophenotypic markers of MSC-MVs derived from EP to LP MSCs, we analyzed the expression levels of CD73, CD90, CD105 by FCM analysis. There was no significant difference in the levels of CD73 (EP vs LP, 95.30 ± 0.7550 % vs 94.40 ± 0.4041 %, P = 0.3526) and CD90 (EP vs LP, 93.83 ± 4.118 % vs 93.93 ± 0.4667 %, P = 0.9819) between EP and LP MSC-MVs, but the level of CD105 (EP vs LP, 46.37 ± 1.146 % vs 34.43 ± 0.9135 %, P = 0.0012) on the surface of LP MSC-MVs was significantly lower than that of EP MSC-MVs (Figure [3](#F3){ref-type="fig"}F). The data were validated in five different donor samples. These results indicated that the changes in concentration, size, and immunophenotype of MSC-MVs can reflect and resemble their parental MSC senescence.

Decreased pro-osteogenesis function in LP MSC-MVs *versus*EP MSC-MVs
--------------------------------------------------------------------

It had been reported that exosomes, another type of EVs derived from bone marrow MSCs (BMSCs), can promote osteogenic differentiation of BMSCs [@B28]. To investigate if MSC-MVs can exert a similar osteogenic effect, BMSCs at a density of 3×10^4^/ml in a six-well plate were treated with 2.5, 5, and 10 μg/ml EP MSC-MVs (P3-P7) once a day for 14 days and assayed for osteogenic differentiation. Alizarin Red staining analysis showed more calcium deposits in BMSCs treated with MSC-MVs than in the control group, and the level of calcium deposits was higher in the 10 μg/ml group than in both 2.5 and 5 μg/ml groups (Figure [4](#F4){ref-type="fig"}A, 4B). Next we treated BMSCs with EP or LP MSC-MVs at 10 μg/ml to compare their pro-osteogenesis abilities. Similar to the decreased capacity of osteogenesis in senescent MSCs, LP MSC-MVs showed significantly lower pro-osteogenesis effect in BMSCs than EP MSC-MVs (Figure [4](#F4){ref-type="fig"}C). Accordingly, the levels of osteogenic genes, including ALP, RUNX2, and OCN, were lower in LP MSC-MVs than in EP MSC-MVs (Figure [4](#F4){ref-type="fig"}D). Taken together, these results indicate that MSC-MVs promote BMSC osteogenic differentiation, and the decreased pro-osteogenesis effect in LP MSC-MVs resemble that of decreased osteogenesis in LP MSCs.

Gene and miRNA expression profiles in MSCs and MSC-MVs during senescence
------------------------------------------------------------------------

We examined the gene expression changes in MSC senescence by performing RNA-Seq and miRNA-Seq in both EP and LP MSCs and their corresponding MSC-MVs. The sequencing reads and mapping information are shown in Table [S1](#SM1){ref-type="supplementary-material"}-S2. We applied RPM (reads per million reads) and RPKM (reads per kilobase per million reads) to quantify the miRNA and gene expressions (see methods). Approximately 1000 miRNAs and 20000 genes were detected in the four samples (Figure [5](#F5){ref-type="fig"}A). In each sample, a relatively high expression of 22% miRNA (RPM ≥ 50) and 3.3%-12.4% genes (RPKM ≥ 50) was detected. We also observed that the number of highly expressed miRNAs decreased in senescent MSCs and even more so in MSC-MVs (Figure [5](#F5){ref-type="fig"}B). Furthermore, we compared the differentially expressed miRNAs (DEMs) and genes (DEGs) between EP and LP (Figure [5](#F5){ref-type="fig"}C, 5D). Interestingly, most of the DEMs were down-regulated in both MSCs and MSC-MVs during the senescence, and the number of down-regulated miRNAs in MSC-MVs was much higher than that in MSCs. This suggested that it is possible to find miRNAs in MSC-MVs that would represent the MSCs senescence.

For genes, the number of highly expressed genes was increased in MSCs but decreased in MSC-MVs during senescence (Figure [5](#F5){ref-type="fig"}B). Similarly, most of DEGs were up-regulated in MSCs but down-regulated in MSC-MVs (Figure [5](#F5){ref-type="fig"}C). The top 10 KEGG pathways enriched by DEGs in MSCs or MSC-MVs are shown in Figure [5](#F5){ref-type="fig"}E, and their intersection pathways contained proteasome, oxidative phosphorylation, Alzheimer\'s disease, Huntington\'s disease, Parkinson\'s disease and Pathogenic Escherichia coli infection. Especially, the oxidative phosphorylation pathways and senescence-related diseases (such as Alzheimer\'s disease, Parkinson\'s disease and Huntington\'s disease) were enriched. These pathways were up-regulated in MSCs, but down-regulated in MSC-MVs.

miR-146a-5p expression change in MSC-MVs resembled that in MSCs during senescence
---------------------------------------------------------------------------------

In an attempt to identify key regulators and potential markers of senescence, we investigated the gene expression regulation by miRNAs and transcription factors (TF) of DEGs in the MSC senescence. We constructed the miRNA-TF co-regulatory network [@B29] with 269 DEGs, 24 DEMs and 25 differentially expressed TFs between EP and LP MSCs by identifying and merging the TF-miRNA-Gene feed forward loops (FFLs) (Figure [6](#F6){ref-type="fig"}A). About 15% DEGs, 50% DEMs and 44% TFs were in the network. Since many papers reported that miRNAs are the key molecules in MVs [@B30], [@B31] and the trend of miRNA expressions is similar in MSCs and MSC-MVs, our analysis focused on miRNAs. The top 50% miRNAs ordered by node degrees in the network were miR-301a-3p, miR-301b, miR-335-5p, miR-148a-3p, miR-146a-5p, and miR-204-5p (Figure [6](#F6){ref-type="fig"}B), which were also the core hubs in DEMs network (Figure [S4](#SM1){ref-type="supplementary-material"}) and had the same expression alteration trends in both MSCs and MSC-MVs from EP and LP (Figure [6](#F6){ref-type="fig"}C). We subsequently chose these miRNAs for further validation.

First, we used two datasets from NCBI GEO database to validate the top six miRNAs. The dataset GSE68932 was from 6 EP (P3-P4) and 6 LP (P6-P7) human BMSC samples. miR-204-5p was not detected but the expression of other 5 miRNAs was compared between EP and LP samples (Figure [6](#F6){ref-type="fig"}D). Consistent with our data, miR-146a-5p was up-regulated (P \< 0.05), and miR-335-5p was down-regulated (P \< 0.05) (Figure [6](#F6){ref-type="fig"}D). To examine the expression of miR-146a-5p and miR-335-5p in physiological aging, we used another dataset, GSE67630, which contains 6 human BMSC samples from different ages (19, 21, 27, 60, 70 and 80 years old). Compared to our findings, miR-146a-5p continually increased during physiological aging but miR-335-5p had the opposite trend (Figure [6](#F6){ref-type="fig"}E). We next validated the expression of miR-146a-5p, miR-148a-3p, miR-204-5p, miR-301a-3p, miR-301b, and miR-335-5p in different passages of MSCs and MSC-MVs by RT-PCR (Figure [6](#F6){ref-type="fig"}F, S5) and confirmed the up-regulation of miR-146a-5p in both MSCs and MSC-MVs during senescence (Figure [6](#F6){ref-type="fig"}F).

To further identify the potential of miR-146a-5p in MSC-MVs to resemble the senescence state of their parental MSCs, the expression of seven target genes of miR-146a-5p with a negative expression trend (Figure [7](#F7){ref-type="fig"}A, 7B) was validated in various passages MSCs and MSC-MVs by RT-PCR (Figure [7](#F7){ref-type="fig"}C, 7D). Among these target genes, DCN, HNRNPD, PDGFRA, BHLHE41 and NFIX were down-regulated in both MSCs and MSC-MVs during senescence. However, the expression of CD276 and IGFBP5 was different from the RNA sequencing data. Thus, the expression of miR-146a-5p was up-regulated and most of its target genes were down-regulated in both MSCs and MSC-MVs during senescence, suggesting that the expression of miR-146a-5p in MSC-MVs can serve as a potential senescent marker of the parental MSCs.

CD105 and miR-146a-5p expression changes in MSC-MVs resemble those in MSCs during senescence under serum-reduced culture condition
----------------------------------------------------------------------------------------------------------------------------------

Since the serum used in the culture medium can partially be the source of the MVs, and/or affect the secreted MVs, we cultured MSCs in DMEM/F-12 containing reduced 5% FBS to validate the main findings. LP MSCs appeared large with flat shape (Figure [8](#F8){ref-type="fig"}A) and the expression of β-gal was increased in the culture medium with reduced FBS (Figure [8](#F8){ref-type="fig"}B). There was an increase and decrease in LP MSCs in G0/G1 (P \< 0.001) and G2/S/M phases (P \< 0.001), respectively (Figure [8](#F8){ref-type="fig"}C). We also examined the levels of the SASP markers and detected a significant increase in their levels from EP MSCs to LP MSCs (Figure [8](#F8){ref-type="fig"}D). We then examined the expression level of CD105 in MSC-MVs derived from EP and LP MSCs. Similar to the results observed in the regular 10% serum-supplemented medium (Figure [3](#F3){ref-type="fig"}F), the level of CD105 on LP MSC-MVs was significantly lower than that of EP MSC-MVs (52.07 ± 0.3383 % vs 32.27 ± 0.4910 %, P \< 0.001) (Figure [8](#F8){ref-type="fig"}E). We also analyzed the expression levels of miR-301a-3p, miR-301b, miR-335-5p, miR-148a-3p, miR-146a-5p, and miR-204-5p, and detected a significant up-regulation of miR-146a-5p in both MSCs and MSC-MVs during senescence (Figure [8](#F8){ref-type="fig"}F), other miRNAs were down-regulated not in MSC-MVs but MSCs (Figure [S6](#SM1){ref-type="supplementary-material"}). Additionally, we examined the expression of the target genes of miR-146a-5p by RT-PCR and found that the levels of DCN, HNRNPD, and CD276 were down-regulated while PDGFRA, BHLHE41 and NFIX were up-regulated in both MSCs and MSC-MVs during senescence (Figure [8](#F8){ref-type="fig"}G, 8H). These results suggested that reducing the serum concentration in the culture medium did not alter the capacity of CD105 or miR-146a-5p to resemble that of their parental cells in senescence.

Discussion
==========

Currently, there is an aggravating trend of aging population world-wide, and the incidence of age-related diseases, such as Alzheimer\'s and cancer is rising [@B32]. One of the variety of aging factors is cellular senescence, which is an underlying determinant for aging of various organs, albeit at different rates [@B33]. Recent studies have shown that regular elimination of senescent cells slows time-dependent functional decline and prolongs lifespan in mice [@B34]. No similar studies are available in humans because of the lack of reliable biomarkers to identify and eliminate senescent cells [@B12]. Many studies have focused on EVs as new components of SASP and have been extensively reviewed by Urbanelli, *et al.* [@B35]. Our study has identified MVs, a component of cell secretome, as a novel source manifesting senescence in their parental cells in terms of concentration, size distribution, phenotypic markers, specific functions, and miRNA content. It is believed that secreted factors associated with SASP have an excellent potential as biomarkers because they can be readily detected and monitored. Our findings provide evidence that MVs have considerable potential as secreted biomarkers to accurately identify their senescent parental cells.

MSCs have been used as a promising tool for cell-based therapy in tissue engineering and regenerative medicine [@B36], [@B37]. For this, *in vitro*expansion of primary MSCs is necessary. However, the expansion potential of MSCs is limited as the *in vitro* aging leads to loss of multipotency and replicative senescence [@B11]. Thus, a robust cell-free biomarker to identify senescence in the cultured MSCs without harming the cells is necessary, especially for the cells obtained from aged donors. Numerous studies have demonstrated that the number and function of MSCs decline with aging associated with increased senescent cells in MSCs pool [@B38], [@B39]. Senescence of MSCs is believed to be the underlying cause in osteoporosis [@B40], systemic lupus erythematosus [@B41], and Hutchinson Gilford progeria syndrome [@B38]. Therefore, identification and even elimination of senescent MSCs in human body are attractive to both basic research and clinical practice. To date, MSC senescence *in vivo* remains poorly understood and there are no available markers to monitor it [@B12]. In the present study, we demonstrated that MSC-MVs actually resembled their parental MSC senescence in combinative signatures (Figure [9](#F9){ref-type="fig"}). These findings give support to MSC-MVs as a key factor in the senescence-associated secretory phenotype of MSCs and demonstrate that their integrated characteristics can dynamically resemble the MSC senescence state, representing a potential biomarker to precisely identify MSC senescence *in vitro*. With the development of modern techniques, such as high resolution FCM [@B42], and the development of researches in seeking tissue-specific MSC markers, we believe that MSC-MVs could be developed as a potentially practical and cell-free marker to identify and real-time monitor MSC senescence *in vivo*. However, there is a quite long way ahead.

Many studies reported the level of plasma MVs associated with aging and age-associated diseases. The levels of platelet MVs in plasma of elderly people were increased [@B35] and the levels of myeloid MVs in cerebrospinal fluid are positively correlated with neurodegenerative disease [@B43]. Furthermore, senescent tumor cells [@B44] and endothelial cells [@B45] release higher levels of MVs. Consistent with these observations, our study also showed that senescent LP MSCs released higher levels of MSC-MVs than EP MSCs. MV size, another characteristic of MSC-MVs, has been shown to be larger in anti-retroviral therapy-naive patients than healthy control subjects and correlated with the progression of HIV [@B46]. Our TRPS analysis of MSC-MVs demonstrated that senescent LP MSC-MVs were clearly smaller than EP MSC-MVs, although they had similar size distributions. In the future, it is important to extend these observations to MVs released from other senescent cells. We further demonstrated that MSC-MVs resembled their parental MSCs in terms of the decreased expression of CD105, which is defined as one of the essential surface molecules [@B47] and can be easily detected. It is also important to understand the mechanisms underlying the decrease of CD105 on MSC-MVs during MSC senescence.

Although the functions of MSC-MVs in disease progression and tissue repair have been well-studied [@B24], very little information is available on the pro-osteogenic function of MSC-MVs in MSCs [@B48]. The present study uncovered the pro-osteogenic function of MSC-MVs and showed that EP MSC-MVs were more efficient than LP senescent MSC-MVs. This observation was in line with the decreased osteogenesis differentiation in senescent MSCs implying that MSC-MVs have the potential to be not only a biomarker but a functional senescence-related factor. It would be interesting to study other functions, such as hematopoiesis support and immune depression of MSC-MVs when the parental MSCs experience senescence.

It has been reported that miRNAs are key regulators and reliable markers of cellular senescence [@B35], [@B49]. A growing body of studies as well as our previous studies have uncovered the key functions of MV-packed miRNAs [@B30], [@B50]. In this study, to determine the potential of miRNAs encapsulated in MVs to serve as a MSC senescence marker, we sequenced mRNAs and miRNAs from different passages of MSCs and MSC-MVs. The data demonstrated, for the first time, that most of the DEMs were consistently down-regulated in both MSCs and MVs. Most of the DEGs, however, were up-regulated from EP to LP in MSCs, while down-regulated in their MVs. Previous studies reported up-regulation of most of the DEGs [@B51], [@B52] but down-regulation of most of the DEMs [@B53] in cells undergoing senescence, which is consistent with our study. However, there are no studies focusing on the gene and miRNA expression changes of MSC-MVs during senescence of their parental MSCs. A significant finding from our study was the down-regulation of most of the DEMs in both MSCs and MSC-MVs during senescence with a sharper decrease in MSC-MVs than in MSCs. Thus, changes in the expression of miRNAs can be more readily detected in MSC-MVs than in MSCs, miRNAs in MSC-MVs may be the sensitive molecular markers indicative of the parental MSC senescence.

Previous studies have demonstrated that miR-146a-5p contributes to the senescence of hepatocytes [@B54], macrophages [@B55], and endothelial cells [@B56]. Similarly, miR-146a-5p can be as a marker of senescence-related pro-inflammatory status in the vasculature [@B57]. It has also been shown to be an NF-kB-responsive and well-established SASP-modulating miRNA involved in the control of cellular senescence [@B58]. Another recent study reported that miR-146a-5p exists in exosomes and can serve as one of the diagnostic markers for esophageal cancer [@B59]. We used a multi-pronged approach and identified miR-146a-5p as MVs-encapsulated miRNA, which was present as a hub miRNA in our regulatory network [@B29], [@B30], [@B60]-[@B62]. First, we showed that the expression trend of miR-146a-5p was similar in MSC-MVs and MSCs during senecence. Second, we used a published dataset from EP and LP BMSC samples to validate it. Third, we also used another dataset from BMSC samples in different ages representing the physiological aging to validate it. And, finally, we used RT-PCR to confirm the up-regulation of miR-146a-5p and down-regulation of most of its target genes in MSC-MVs and MSCs during senescence. Thus, we characterized MVs-encapsulated miR-146a-5p as a potential senescence-associated marker to identify senescent MSCs. The functional role of miR-146a-5p in SASP-modulation of MSCs requires further investigations.

In conclusion, our findings have identified MSC-MVs as a key factor in the senescence-associated secretory phenotype of MSCs. The multidimensional characterization of MSC-MVs strongly suggest that their integrated characteristics can dynamically resemble the MSC senescence status representing a potential biomarker for identifying and monitoring MSC senescence.

Materials and Methods
=====================

Isolation of MSCs and culture conditions
----------------------------------------

Human umbilical cords (UCs; n = 5) were obtained from consenting patients delivering full-term (38-40 weeks) infants by cesarean section. The study was approved by the Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology and followed the principles in the Declaration of Helsinki. UCs were rinsed with phosphate buffered saline (PBS; Hyclone, Logan, UT, USA) to remove the blood cells. Subsequently, samples were cut into 1cm segments, and UC veins, arteries, and amnion were removed. UCs were then minced into 1-3 mm^3^ pieces. The minced pieces were placed in a 55 cm^2^ culture dish and incubated in DMEM/F-12 (Hyclone) supplemented with 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA) and 100 U/ml of penicillin/streptomycin (Gibco). After 2 weeks, the UC tissue was removed and the adherent cells were passaged with 0.25% trypsin (Gibco) for 1min at 37ºC. The obtained cells were centrifuged at 250g for 5 min, and subcultured at a density of 4,000 cells/cm^2^. To reduce the effect of serum on the secreted content of MSCs, P4 and P19 MSCs were cultured in DMEM/F-12 (Hyclone) containing reduced serum (5% FBS, Gibco) of the same lot (LOT: 1652792).

Human bone mesenchyme stem cells (BMSCs) were commercially obtained from Cyagen Biosciences Inc. (Guangzhou, China). BMSCs were cultured in α-MEM (Hyclone) supplemented with 10% FBS (Gibco) and 100 U/ml of penicillin/streptomycin (Gibco). BMSCs (P4) were used in the osteogenic differentiation assay. All cells were maintained at 37°C in a humidified atmosphere with 5% CO~2~.

Isolation of MSC-MVs
--------------------

MSC-MVs were isolated from the culture supernatants of MSCs by successive differential centrifugation, as previously described [@B22]. Briefly, MSCs were cultured in complete medium. Medium was collected every 48h and centrifuged at 750g for 15 min and 1,500g for 20 min to remove cells and debris. The supernatant was further centrifuged at 16,000g for 60 min at 4ºC to pellet MSC-MVs. Then the MSC-MVs pellets were washed with PBS, and centrifuged at 16,000g for 60 min at 4ºC. MSC-MV samples were kept at 4ºC and used within 24 hours.

Transmission electron microscopy
--------------------------------

The isolated MSC-MVs were fixed in 100 μl of 3% glutaraldehyde for 2 hours. A drop (10 μl) of MSC-MVs was transferred to a formvar-carbon-coated grid. After rinsing, the grids were stained with 1% uranyl acetate solution for 5 min and examined with transmission electron microscopy (Hitachi HT7700, Tokyo, Japan) at 80 kV.

Laser confocal fluorescence microscopy
--------------------------------------

The isolated MSC-MVs were labeled with carboxyfluorescein succinimidyl ester (CFSE; Invitrogen, Carlsbad, CA, USA) for 20 minutes at 37 ºC. After washing in PBS for three times, MSC-MVs were observed under a laser confocal fluorescence microscope (Olympus, Tokyo, Japan).

Tunable resistive pulse sensing
-------------------------------

The size distribution and concentration of MSC-MVs were measured with TRPS (qNano, Izon Science Ltd, Christchurch, New Zealand) using a NP400 nanopore at a 44.8 mm stretch. The concentration of MSC-MVs was standardized using calibration with CPC800 carboxylated polystyrene beads (size 660 nm, concentration of 1.2 ×10^11^particles/ml).

Flow cytometry analysis
-----------------------

MSCs were collected for immunophenotypic analysis at P5, 14, and 22. Phycoerythrin (PE)-labeled anti-CD29, CD44, CD73, CD90, CD105, CD34, CD45 and IgG isotype control (all from BD Biosciences, San Diego, CA, USA) were incubated with MSCs for 30 minutes at 4 ºC. After washing in PBS for three times, MSCs were analyzed by flow cytometry (BD Biosciences).

To determine the immunophenotypic profile of MSC-MVs, 1 μm of standard microbeads (Sigma Aldrich, St. Louis, MO) were added to the MSC-MV samples. All samples were stained with Calcein-AM (Sigma), which was used to define the MSC-MVs with intact membrane structure. Subsequently, phycoerythrin (PE)-labeled anti-CD29, CD44, CD73, CD90, CD105, CD34, CD45 and IgG isotype control (BD Biosciences) were incubated with MSC-MV samples for 30 min at 4ºC. After washing in PBS for three times, MSC-MV samples were analyzed by FCM.

For cell cycle analysis, MSCs were trypsinized, centrifuged and washed for three times in PBS. Cells were then resuspended and fixed in 70% ethanol at 4ºC overnight. Fixed cells were washed at 500g for 5 min and stained with 10 μg/ml PI, 100 μg/ml DNase-free RNase A, 0.1% Triton X-100 and kept in the dark for 30 min. Cell suspensions were filtered and measured by FCM.

Osteogenic differentiation assay
--------------------------------

For osteogenic differentiation, MSCs (3×10^4^/ml) were plated into a 6-well plate and treated with or without MSC-MVs (10 μg/ml; Dilution of MSC-MVs using LG-DMEM medium) once a day for 14 days. MSC-MVs were quantified according to the total protein content using a BCA protein assay kit (Beyotime, Shanghai, China). The cells were cultured in osteogenic induction medium (OIM; Cyagen) that was changed every 3 days. After 14 days, the cells were fixed with 10% formalin and stained with Alizarin Red (Sigma) for analysis. The positive area was measured with Image J software.

Adipogenic differentiation assay
--------------------------------

For adipogenic differentiation, MSCs (3×10^4^/ml) were plated into a 6-well plate and cultured in adipogenic induction medium (AIM; Cyagen). The medium was changed every 3 days. After 14 days, adipogenic potential of MSCs was analyzed using oil red O (Sigma) staining. The positive area was measured with Image J software.

Senescence-associated β-galactosidase staining
----------------------------------------------

The activity of senescence-associated β-galactosidase (β-gal) was measured in different passages of MSCs using SA-β-Gal staining kit (Beyotime). Briefly, MSCs (5×10^4^/ml) were grown in a 12-well plate and fixed in fixative solution for 15 min. Subsequently, cells were washed with PBS and stained with SA-β-Gal staining solution at 37ºC for 12 hours. The positive cells presented a blue color; images were obtained with an inverted microscope (Olympus).

Enzyme-linked immunosorbent assay
---------------------------------

MSCs were cultivated for another 24 hours with fresh serum-free medium. Supernatants were collected and clarified by centrifugation at 1000 g for 20 min. IL-6, IGFBP4, IGFBP7 and MCP-1 were detected by ELISA (Abcam, Cambridge, UK) according to the manufacturer\'s instructions. Results were obtained by measuring absorbance at 450 nm.

Real-time PCR
-------------

Total RNA was isolated from MSCs using Trizol reagent (Invitrogen) according to the manufacturer\'s instructions. RNA quality and purity were examined using Nucleic Acid/Protein Analyzer (Beckman Coulter, Brea, CA, USA); the A~260~/A~280~ ratio values were in the range of 1.8-2.0. Approximately, 1μg RNA was reverse transcribed using the FastQuant RT Kit (TIANGEN, Beijing, China). The real-time reverse transcriptase polymerase chain reaction (RT-PCR) was performed with the SYBR green PCR master mix (TIANGEN) on an Applied Biosystems 7500 Real-Time PCR System. The specific primer sequences are displayed in [Supplementary Material](#SM1){ref-type="supplementary-material"} (Table [S3](#SM1){ref-type="supplementary-material"}). β-actin was used as an invariant housekeeping gene. For miRNA expression, normalization was done using U6 as the reference [@B63]. Each reaction was performed in triplicate. Relative expression levels of RNA were calculated using the ΔΔCt method.

Western blot analysis
---------------------

MSCs or MSC-MVs were lysed in ice-cold RIPA buffer (Beyotime) for 30 min at 4ºC. Lysates (25 μg of protein) were analyzed by 10% sodium-dodecyl sulfate-polyacrylamide gel electrophoresis (Sigma) and transferred to nitrocellulose membranes (Merck Millipore, Billerica, MA, USA), which were hybridized with anti-Alix (1:1000; Cell Signaling Technology, Beverly, MA, USA), anti-TSG101 (1:1000, Abcam), or anti-ACTIN (1:10000, sigma). Membranes were further incubated with HRP-coupled secondary antibodies (1:10000, Abcam).

mRNA and small RNA sequencing and analysis
------------------------------------------

To reduce variability, MSCs were obtained by serial passaging from the same donor (38 weeks, male). Total RNAs including small RNAs were isolated from MSCs and MVs in EP (MSCs: P5; MSC-MVs: P3-P6) and LP (MSCs and MSC-MVs: P13-14) status. mRNA-seq and small RNA-seq were performed with HiSeq2500 at WuXi AppTec (Shanghai, China). The low-quality reads were removed by in-house scripts. Clean reads were mapped to human reference genome hg19 and Refseq mRNAs or miRBase pre-miRNAs (Table [S1](#SM1){ref-type="supplementary-material"}, S2). We normalized the gene and miRNA expression level by RPKM (reads per kilobase per million mapped reads) and RPM (reads per million mapped reads), respectively, which are the common quantification methods used in mRNA-seq and small RNA-seq.

Identification of differentially expressed genes and miRNAs in cells and MSC-MVs
--------------------------------------------------------------------------------

The cutoff for DEGs was the RPKM ≥ 100 in either stage and fold change ≥ 1.5 or ≤ 0.6666. The cutoff for DEMs was the RPM ≥ 50 and \|log2(fold change)\| ≥ 1. The differentially expressed miRNAs were hierarchically clustered using an average linkage algorithm and a Euclidean distance for the distance measure. We utilized MeV to visualize the clustered data and applied the DAVID: Functional Annotation Tools to do the KEGG enrichment analysis.

MSC senescence FFL network construction
---------------------------------------

Since the expression of TFs may be lower than other protein coding genes, we applied the cutoff RPKM ≥ 10 and \|log2 (fold change)\| ≥ 1 to obtain differentially expressed TFs between EP and LP MSCs. Combined with differentially expressed TFs, miRNAs and genes, we applied the method described in our previous review [@B29] to construct the miRNA and TF co-regulatory network. Targets of miR-146-a-5p were predicated by our miRNA target datasets combined with multiple methods and databases. A negative expression trend between miR-146a-5p and its target was required in miR-146a-5p senescence network. We utilized Cytoscape to show the network.

Data availability
-----------------

The mRNA-seq and small RNA-seq data are available at BIGD Genome Sequence Archive (GSA) with the accession number PRJCA000325.

Statistical analysis
--------------------

Results were presented as mean ± standard deviation. Two tailed Student\'s t-test was conducted using Graph-Pad Prism 5 Software, P values \< 0.05 were deemed statistically significant (\*P \< 0.05; \*\*P \< 0.01; \*\*\*P \< 0.001). All results are representative of data generated from three independent experiments.
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![**Characterization and validation of senescent MSCs**. (A) The morphology of MSCs observed under an inverted microscope at passage 4, 13, 17, and 22 (P4, 13, 17, and 22). (×100; arrows indicate senescent cells). (B) Immunophenotypic analysis of surface markers CD29, CD44, CD73, CD90 and CD105 in MSCs at P5, 14, and 22 by FCM. (C) β-gal staining (blue) of MSCs observed under an inverted microscope at P5, 14, 17, and 22. (×100; arrows indicate senescent cells). (D) Cell cycle characteristics of different passage MSCs (P5, 13, and 22) by FCM. (E) RT-PCR demonstrating mRNA expression levels of *p16* and *p21*, n = 4. (F) ELISA analysis of IL-6, IGFBP4, IGFBP7, and MCP-1 in different passage MSCs (P5, 15, and 20). n = 5. (G-H) Oil Red O staining (G) and Alizarinl Red S staining of different passage MSCs (P5, 18) observed under an inverted microscope at 2 weeks. (×200). Each experiment was confirmed in four different donors, and the representative data are shown. Abbreviations: AIM: adipogenic induction medium; CM: complete medium; AIM: adipogenic induction medium; OIM: osteogenic induction medium.](thnov07p2673g001){#F1}

![**Characterization and validation of MSC-MVs**. (A) Representative micrograph of MSC-MVs observed by transmission electron microscopy (TEM). Scale bar, 0.5 μm. (B) CFSE-labelled MSC-MVs observed by confocal microscopy. Scale bar, 2 μm. (C) TRPS analysis of the size distribution of MSC-MV samples. (D) Western blot analysis of proteins isolated from MSC-MVs or MSCs. (E) Representative flow cytometry plots of MSC-MV samples using 1 μm standard beads. (F) Integrity of MSC-MVs samples detected by FCM. (G) FCM analysis of the surface markers of MSC-MVs.](thnov07p2673g002){#F2}

![**Differences in concentration, size, and immunophenotype between MSC-MVs derived from EP and LP MSCs**. (A) TEM images of EP and LP MSC-MVs. Scale bar, 500nm. n = 3. (B) Size distribution of EP and LP MSC-MVs. n = 3. (C) Concentration of EP and LP MSC-MVs. n = 3. (D) Average size of EP and LP MSC-MVs. n = 3. (E) Size composition of EP and LP MSC-MVs. (F) FCM analysis of the expression of surface markers on EP and LP MSC-MVs. Each experiment was confirmed in five different donors and the representative data are shown. Abbreviations: EP: early passage; LP: late passage.](thnov07p2673g003){#F3}

![**Decreased pro-osteogenesis function in LP MSC-MVs than EP MSC-MVs**. (A) Alizarin Red staining of the dose-dependent assay of EP MSC-MVs (2.5, 5 and 10 μg/ml) on osteogenic differentiation of BMSCs. (B) Percentage of alizarin red-positive area over total area. n = 3. (C) Alizarin Red staining of the mineralization of BMSCs, EP, and LP MSC-MVs (10μg/ml, once a day for 14 days). n = 3. (D) Real-time PCR showing the expression of *ALP*, *RUNX2,* and *OCN* in BMSCs. n = 4. Dilution of MSC-MVs using LG-DMEM medium, LG-DMEM medium-treated cells serving as a control. Each experiment was confirmed in four different donors and the representative data are shown. Abbreviations: EP: early passage; LP: late passage.](thnov07p2673g004){#F4}

![**Gene and miRNA expression profiles and differential expression in MSCs and MSC-MVs during senescence**. (A) miRNA and gene expression distribution of different passage MSCs and MSC-MVs. (B) Venn graphs of highly expressed miRNAs and genes in MSCs and MSC-MVs. Yellow parts have more highly expressed miRNAs or genes and the blue section has less. (C) DEMs and DEGs between EP to LP MSCs and MSC-MVs, respectively. (D) The expression cluster of DEMs in MSCs and MSC-MVs. (E) Top 10 pathways of KEGG enrichment of DEGs in MSCs and MSC-MVs. Abbreviations: DEGs: differentially expressed genes; DEMs: differentially expressed miRNAs; EP: early passage; LP: late passage.](thnov07p2673g005){#F5}

![**Changes of miR-146a-5p expression in MSC-MVs resembling that in MSCs during senescence**. (A) miRNA and TF co-regulatory network. (B) miRNA degree of distribution in the network. (C) Clusters of the hub miRNAs. (D) Relative expression of miR-146a-5p, miR-335-3p, miR-148a-5p, miR-301a-3p, and miR-301b (GSE68932). (E) Expression value of miR-146a-5p and miR-335-3p in samples of different ages of dataset GSE67630. (F) Expression of miR-146a-5p in MSCs and MSC-MVs analyzed by RT-PCR. The data were confirmed in three different donors. Abbreviations: EP: early passage; LP: late passage.](thnov07p2673g006){#F6}

![**Alteration in the target genes of miR-146a-5p in MSC-MVs resembling that in MSCs during senescence**. Network (A) and expression profile (B) of the target genes of miR-146a-5p. Expression of the target genes of miR-146a-5p in MSCs (C) and MSC-MVs (D) analyzed by RT-PCR. Each experiment was confirmed in three different donors. Abbreviations: EP: early passage; LP: late passage.](thnov07p2673g007){#F7}

![**Changes of CD105 and miR-146a-5p expression in MSC-MVs resembling MSC senescence state under serum-reduced culture condition.** (A) The morphology of MSCs observed under an inverted microscope. (×100; arrows indicate senescent cells). (B) β-gal staining (blue; arrows: senescent cells) of MSCs observed under an inverted microscope. (×100). (C) Cell cycle analysis of MSCs (P4 and P19) by FCM. (D) ELISA analysis of IL-6, IGFBP4, IGFBP7, and MCP-1 in EP and LP MSCs (P4 and P19). n = 5. (E) Representative FCM analysis of the expression of CD105 on EP and LP MSC-MVs. (F-H) Expression of miR-146a-5p in MSCs and MSC-MVs (F), and the target genes of miR-146a-5p in MSCs (G) and MSC-MVs (H), analyzed by RT-PCR. Each experiment was confirmed in three different donors, and the representative data are shown. Abbreviations: EP: early passage; LP: late passages.](thnov07p2673g008){#F8}

![**Schematic diagram of combinative signatures of MSC-MVs to identify MSC senescence.**Abbreviations: EP: early passage; LP: late passage.](thnov07p2673g009){#F9}
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